Aims/hypothesis The aim of this study was to examine the effects of childhood BMI growth dynamics on the risk of developing young adult-onset type 1 and type 2 diabetes. Methods Finnish national healthcare registers were used to identify individuals with diabetes diagnosed between 1992 and 1996 at 15-39 years of age. Non-diabetic control participants were chosen from the National Population Registry. Anthropometric measurements were obtained from the original child welfare clinic records. Only the case-control pairs with sufficient growth data recorded were included in the analyses (218/1,388 for type 1 diabetes [16%] and 64/1,121 for type 2 diabetes [6%]). Two developmental stages in BMI growth (the points of infancy maximum BMI and the BMI rebound) were examined, and conditional logistic regression was applied to the variables of interest.
Introduction
Type 1 and type 2 diabetes can be diagnosed at any age, a characteristic that the old terms 'juvenile-onset' and 'adultonset' diabetes did not convey. A significant proportion of new cases of type 1 diabetes are diagnosed after puberty [1, 2] , and early-onset type 2 diabetes has become an important public health problem worldwide [3] . In Finland, the incidence of both type 1 and type 2 diabetes is increasing rapidly among 15-39-year-old individuals [4] . The possible environmental exposures behind this increase need to be identified.
It has been shown that individuals with type 2 diabetes not only have lower birthweight than their peers, but also have a lower BMI until the age of 2 years [5, 6] . This situation is reversed later in childhood, as the BMI rebound (the period after infancy when BMI starts to increase) occurs earlier in persons who later develop type 2 diabetes [5, 7] ; these individuals have an accelerated increase in BMI thereafter [5, 8] .
The role of childhood growth has also been studied in relation to the risk of developing type 1 diabetes. People with childhood-onset type 1 diabetes are heavier [9] [10] [11] and taller [10] [11] [12] during infancy (which here is defined as the first 3 years of a child's life), and seem to gain weight faster during their first years [13] . The impacts of childhood growth and weight gain on adult-onset type 1 diabetes are still unknown, because in previous studies investigating the effects of childhood growth on type 1 diabetes all participants had been diagnosed under the age of 16 years [9] [10] [11] [12] [13] .
In the present case-control study we examined the effects of childhood BMI growth dynamics on the risks of developing type 1 and type 2 diabetes diagnosed at 15-39 years old. We chose BMI as the explanatory variable, as it takes both height and weight into account. The infancychildhood-puberty (ICP) model for human growth [14] , which divides growth into three components (infancy, 0-3 years; childhood, 3-11 years; puberty, >11 years), was used as a starting point. Once the neonatal period is over, the BMI of a child normally increases. After reaching a certain point, referred to here as the infancy maximum BMI, the BMI starts to decrease. This happens at about the time the child learns to walk. At between 3 and 11 years old the BMI begins to increase again, referred to here as the BMI rebound. Our analysis was focused on these two turning points (the infancy maximum BMI and the BMI rebound; Fig. 1 ) in the BMI growth pattern. This approach allowed us to compare the BMIs of case and control individuals at the same stage of development, despite individual variation in the timing of these turning points. The chosen turning points can therefore be seen as an alternative to comparing BMI levels at predefined ages. The average height and weight of children and adolescents varies depending on the age cohort, and the average agespecific BMI has recently been increasing [15] . Therefore, we compared the BMI gain of individuals with diabetes with that of birth date-and birth place-matched controls, instead of utilising the Finnish growth standards. Because it was possible to adjust the results for birthweight, higher or lower BMI at a specific turning point can be interpreted as larger or smaller BMI gain, respectively, from birth to that developmental stage.
Methods
Study participants All participants were resident in Finland and were diagnosed with type 1 or type 2 diabetes at 15-39 years old between the years 1992 and 1996. Finnish national healthcare registers were used to identify diabetic patients. Information on purchased medication was obtained from the Drug Prescription Register; a list of persons entitled to free-of-charge medication for diabetes was acquired from the Drug Reimbursement Register; and hospital discharge diagnoses referring to diabetes were obtained from the Hospital Discharge Register. In addition, the diabetes nurses in hospitals and primary healthcare clinics nationwide reported new cases of diabetes (at 15-39 years old) to the National Public Health Institute using standardised forms. Information obtained from these four data sources was linked using the personal identification number assigned to every Finnish resident. The inclusion criterion was a uniform diagnosis from a minimum of two data sources. Classification of diabetes was based on physician-assigned diagnosis (the Hospital Discharge Register) and medication (the Drug Prescription Register). The diagnoses made in hospitals and recorded in the Hospital Discharge Register were based on clinical characteristics, and in unclear cases also on C-peptide and autoantibody measurements. Medical records, including information on clinical characteristics and medication, were reviewed for individuals whose diagnosis remained unclear after examining the data in the register. The American Diabetes Association criteria [16] were used for the classification of diabetes. The data sources and the method of classification have been described in detail previously [17] . In total, 1,388 cases of type 1 diabetes and 1,121 cases of type 2 diabetes were identified and chosen as the diabetes cases for this study. The age-standardised incidence of diabetes in the years 1992-1996 was 15.9 per 100,000/year for type 1 diabetes and 11.8 per 100,000/year for type 2 Fig. 1 BMI growth curve illustrating the BMI maximum and the BMI minimum. a the maximum BMI value in the infancy component; b the age at which the maximum BMI value in the infancy component is reached; c the minimum BMI value in the childhood component (the BMI rebound); d the age at which the minimum BMI value in the childhood component is reached diabetes in the Finns aged 15-39 years who were examined [17] . The study population was almost exclusively of Europid origin. Individuals with gestational diabetes (n=1,268), secondary forms of diabetes (n=216) and those whose diabetes type could not be defined (n=485) were excluded. Two control individuals matched by age, sex and place of birth were chosen for every case with type 1 or type 2 diabetes from the National Population Register. The nondiabetic status of the control individuals was confirmed by computer linkage to the Hospital Discharge Register and the Drug Prescription Register.
Child welfare and school healthcare records The health of Finnish children is followed up within the primary healthcare system in child welfare clinics, where children attend regular examinations by public health nurses and doctors until the age of 7 years. Thereafter, these examinations are continued within the school healthcare system until the end of the compulsory education at 15 years old. An essential part of this follow-up is the measurements of height and weight of the children; these are documented in the child welfare clinic records. These records also include information on the duration of breastfeeding and on the body size and health of the child as a newborn infant. The child welfare clinic records were collected across Finland nationwide for patients with type 1 and type 2 diabetes and for the control participants. The records were acquired from the archives of health centres and the archives of municipalities from the 200 largest municipalities in Finland (population >3,500). The records were traced based on the place of birth obtained from the National Population Registry.
Child welfare clinic records were obtained for 4,440 persons, for whom it was possible to form 607 case-control pairs with type 1 diabetes and 324 case-control pairs with type 2 diabetes, with child welfare clinic records available for the diabetes patient and for at least one of the controls. Twenty individuals were excluded from the study as they had no valid anthropometric observations, and 18 individuals were excluded because they were simultaneously cases and controls. Only the case-control pairs with sufficient recorded growth data were included in the analyses (218 case-control pairs of type 1 diabetes (16%) from the original 1,388 pairs, and 64 case-control pairs of type 2 diabetes (6%) from the original 1,121 pairs; Fig. 2 ). In total, the number of anthropometric measurements was 53,252. The study plan was approved by the National Advisory Board on Health Care Ethics.
Statistical methods Conditional logistic regression [18] was used to evaluate the effect of the properties of individual BMI growth curves on the risk of developing type 1 or type 2 diabetes in young adulthood. To define these properties, the ICP model for human growth [14] was used as a starting point. This model breaks down growth into three additive components (infancy, 0-3 years; childhood, 3-11 years; and puberty >11 years), where each component is a separate parametric function of age. From each individual growth curve a set of characteristics was extracted to be used as explanatory variables in conditional logistic regression. Only the first two components were considered in the analyses due to the scarcity of measurements after 11 years of age. The extracted characteristics were as follows (see Fig. 1 ): (a) the maximum BMI value in the infancy component (the BMI level at which the BMI starts to decrease between 0 and 3 years old); (b) the age at which the maximum BMI value in the infancy component is reached; (c) the minimum BMI value in the childhood component (the BMI rebound); (d) the age at which the minimum BMI value in the childhood component is reached.
The results were adjusted for birthweight. Estimation of the infancy component was not possible for most individuals because there was too much variation in the BMI values under the age of 3 years. Therefore, observed rather than estimated values were extracted from this component. Cases obtained from the incidence of young adult-onset diabetes in Finland study [17] Two Fig. 2 Method of data collection. cc, case-control; T1DM, type 1 diabetes; T2DM, type 2 diabetes All analyses were done in the R environment for statistical computing [19] . The Survival package [20] was used for conditional logistic regression.
Results
The sample numbers and characteristics of the case-control pairs examined are presented in Table 1 . Sixty-seven per cent of the case-control pairs of type 1 diabetes and 61% of the case-control pairs of type 2 diabetes were men. Although the individuals with type 1 diabetes and type 2 diabetes were all diagnosed at between 15 and 39 years old, those with type 1 diabetes had a lower mean age of diagnosis than those with type 2 diabetes (26.5 vs 34.5 years old, respectively). The childhood BMI patterns of the diabetic individuals compared with their controls are presented in Fig. 3a (type 1 diabetes) and Fig. 3b (type 2 diabetes) . Visually, the BMI growth trajectories of the patients with young adult-onset type 1 diabetes were close to those of their controls, while the growth patterns of the patients with young adult-onset type 2 diabetes were prominently aberrant. The average number of measurements (height and weight) per child was 7.3 (range 0-32) between 0 and 3 years old, 5.7 (range 0-22) between 3 and 11 years old, and 3.8 (range 0-19) for >11 years old.
Type 1 diabetes
The ORs describing the effect sizes for the childhood BMI characteristics examined for the risk of developing young adult-onset type 1 diabetes are presented in Table 2 . The analysis, which included 218 case-control pairs (160 with one control and 58 with two controls) indicated that the odds for type 1 diabetes increased 1.19-fold for every 1 kg/m 2 increase in the infancy maximum BMI under the age of 3 years (p=0.02). The CI was large (95% CI 1.03-1.36). There were no age differences in the timing of the infancy maximum BMI. In addition, the BMI at the BMI rebound at between 3 and 11 years old was similar in individuals with type 1 diabetes and in control participants. The age for the BMI rebound at between 3 and 11 years old was slightly, but not significantly, lower in individuals with (Table 2) .
Type 2 diabetes
The ORs for the risk of developing young adult-onset type 2 diabetes according to childhood BMI characteristics are presented in Table 2 . The analysis of young adult-onset type 2 diabetes was based on data from 64 case-control pairs (52 with one control and 12 with two controls). The level of infancy maximum BMI and age at the infancy maximum BMI under the age of 3 years were similar for the cases and the controls. The risk of developing type 2 diabetes was strongly affected by BMI at the BMI rebound at between 3 and 11 years old. There was a 1.77-fold increase in the odds for the risk of developing type 2 diabetes with a gain of 1 kg/m 2 in the minimum BMI at between 3 and 11 years old (p=0.04). The CI was large (95% CI 1.04-3.00). The effect became slightly stronger when adjusted for birthweight (OR 1.87, 95% CI 1.04-3.37; p=0.04). Among the individuals with type 2 diabetes, the BMI rebound occurred at a younger age, but the effect was not statistically significant. The excess BMI gain in individuals who developed young adult-onset type 2 diabetes had already begun in early childhood, after the age at which the BMI rebound occurred (Fig. 3b) .
Discussion
In this case-control study, BMI trajectories from birth to 11 years of age were examined among individuals with young adult-onset type 1 and type 2 diabetes. The results showed that higher infancy maximum BMI before the age of 3 years increased the risk for young adult-onset type 1 diabetes independent of birthweight. The large BMI gain during infancy among individuals who later developed type 1 diabetes may be due to common genetic traits between growth and type 1 diabetes, or to nutritional factors. Another major finding was the markedly elevated risk for young adult-onset type 2 diabetes in individuals whose BMI was high at the time of BMI rebound. This indicates that although individuals with type 2 diabetes do not have high BMI at birth or during infancy, the excess BMI gain among them began early in childhood and was already apparent after 3 years of age.
Although the cases of type 1 and type 2 diabetes were collected nationwide in this study, only those case-control pairs for whom the child welfare record had sufficient data available on growth could be included in the analysis of BMI growth dynamics. As a result, only 16% of the original case-control pairs of type 1 diabetes and 6% of the original case-control pairs of type 2 diabetes could be included in the present analysis. The reason for the lower number of case-control pairs included for type 2 diabetes is their older average age compared with the case-control pairs for type 1 diabetes; child welfare clinic records were more difficult to trace for older age groups. Because of the retrospective approach of this study, it is possible that individuals with aberrant growth patterns were measured more frequently than individuals who were growing on the standard curve, and the former were therefore included in the study more often. The case-control setting of this study is efficient in reducing the possible error caused by the uneven frequency of measurements, because the reason for the exclusion of a case-control pair was equally often caused by shortage of data for the case participants. This indicates that there was a corresponding proportion of case and control individuals who were measured especially frequently in the study dataset (i.e. possibly aberrantly growing). However, due to the fact that the number of case-control pairs with Fig. 1 adequate data available to estimate the growth curve was reduced to 218 pairs of type 1 diabetes and 64 pairs of type 2 diabetes, the statistical power was reduced, i.e. the nonsignificant effects reported here do not rule out the possibility that significant results could be obtained with a larger dataset. The observed increase in the risk of young adult-onset type 1 diabetes among individuals with high infancy BMI is consistent with previous findings among individuals with childhood-onset type 1 diabetes [11, 12] . The effect of high BMI among individuals with young adult-onset type 1 diabetes was, however, weaker than among individuals with childhood-onset type 1 diabetes [11, 12] . Unlike in childhood-onset type 1 diabetes [11] , the differences in BMI between individuals with young adult-onset type 1 diabetes and control individuals levelled out by the time of the BMI rebound. The timing of the two turning points did not affect the risk of young adult-onset type 1 diabetes. Therefore the larger BMI gain from birth to the infancy maximum BMI can also be interpreted as faster BMI gain in infancy among the individuals who were later diagnosed with type 1 diabetes.
In accordance with earlier observations [5, 21] , the average age of the BMI rebound in this study was slightly, but not significantly, lower in individuals with type 2 diabetes. In addition, our results showed that high BMI at the BMI rebound at age 3-11 years increased the risk for type 2 diabetes, although high BMI earlier at the infancy maximum BMI did not have an effect. This is in accordance with earlier findings that the increase in BMI among individuals with type 2 diabetes is slow until 2 years of age [6] , but these individuals have a higher BMI at 7-15 years old [8] . In this study, among the individuals with young adult-onset type 2 diabetes the rapid increase in BMI began at a very young age after the age of the BMI rebound. Rapid increase of BMI at adolescence is strongly associated with central obesity in adults [22] , which in turn markedly increases the risk of type 2 diabetes [23] . The fast childhood BMI growth rate in individuals with type 2 diabetes also suggests that excessive energy intake in childhood and adolescence tends to persist into adult age. Primary prevention of type 2 diabetes should therefore be directed against childhood and adolescent obesity.
Conclusions The BMI gain in infancy among individuals with young adult-onset type 1 diabetes is faster than among those remaining healthy. The excess BMI gain in individuals with young adult-onset type 2 diabetes can be demonstrated in early childhood.
